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SELF-ACTING SHAFT SEALS 
Lawrcnc* P. Ludwig 

NAtlonal AuroMutica and Spaca Adainiatrarlnn 
Lawia EaaaAt'cIi cancar 
Clrvaland. Ohio 441 IS 


StMlARY 

Self-acting aeala are daacrlhed In detail. The aathcaatlcal andela for obtaining a aeal force bal- 
ance and the equilibrium operating film thlckneaa are outlined. Particular attention la given to primary 
ring reaponae (seal vibration) to rotating aeat face runout. Thla reaponae analyaia reveala three differ- 
ent vibration modes with secondary seal friction being an Important parameter. Leakage flow Inlet prea- 
aure drop and affecta of axlsyuMtrlc and nonaxisymsMtrlc aeallng face deformations are discussed. Exper- 
imental data on self-acting face seals operating under slsulated gas turbine conditions are given; these 
data show the feasibility of operating the seal at conditions of 34S N/cm^ (SOO pal) and 1S2 m/sec (SOO 
ft/sec) sliding speed. Also a spiral groove seal design operated to 244 m/sec (800 ft/sec) is described. 


SYMBOLS 

o(r - r ) 

B constant • h 

n i 

F sealing dan force, N; Ibf 

h film thickness, cm; In. 

2 2 

h . characteristic film thickness • (h,h,/h ) , cm; in. 

char 12m 

1 primary seal radial length 

L sealing dan circumferential length, cm; in. 

H Mach number 

2 2 

P pressure, N/m or N/cm ; psi 

7 2 

dP pressure difference, N/m* or N/cm ; psl 

Q net leakage (volume) flow rate, scmni; scfm 

R radius, cm; in. 

dR sealing dam radial width, R - R,, cm; in. 

o i 

R gas cunslant, iinivirsal gas constant/molerular weight 

Re Reynolds number 

r radial direction coordinate 

T temperature, K; ^F 

V velocity, n/«ec; ft/sec 

x coordinate in pressure gradient direction (radial direction) 

y coordinate across film thickness 

z shear flow coordinate in Cartesian system 

a relative Inclination angle of primary seal faces, rad 

f> axlsyimietrlc relative Inclination of primary seal faces, rad 

y nonaxisymmetric relative Ircllnatlon of primary seal faces, rad 

2 2 

p alisKlute or dynamic vlsiOsity, N-sec/m ; (lhf-Sec)/ft 

p density, kg/m^; (Ibf ) (sec^)/f t^ 

Subscripts: 
av average 

char based on characteristic film thickness 

h based on film thickness 

1 Inner cavity 

m mean 

0 outer cavity 

r based on radius 

8 spring 

1 sealed pressure, upstream reservoir pressure 

2 pressure at and within sealing gap inlet 
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3 praaturt 4.t and within aaallni gap axle 

1 downatraan raaarvolr praaaura 


IMnODUCTlOM 

Tha continuing Incrvaaes in gas presaure and tenperature which acconpany the evolution of the gaa 
turbina> Induatrlal conpraaaari and ochar rotating nachlnary placaa burdana on a ahaft aaal tachnology, 
which aaana to aoa* to ba baraly adaquata for currant naada. In addltloni tha anphaaia on efflciancy 
cauaad by tha Inpending fual ahortaga cauaaa an additional ncad for aaala with raducad laakaga rataa. In 
tha gaa turbine ahaft aeala are uaad to raatrict leakage fron a region of a gaa at high praaaura to a re- 
gion of gas at a lower presaure and to restrict gas leakage into the bearing suaps. (Paarlng aunps con- 
tain an oil-gas nlxture at near anbiant prassursi and gas laakaga through tha seal helps prevent oil leak- 
••• out and naintalns a alnlnua sunp prossura nacassary for proper acavanglng>) Bearing sunpa in the high 
pressure turbine area are usually the noat difficult to seal because the pressures and tenperaturea sur- 
rounding the sunp can be near coag>ressor diseharga conditions. 

Labyrinth seals are coaMnly used for shaft sealing in gas turbine engines (a sinpllfied audel of one 
systen is shown in Fig. 1). The advantage of labyrinth seals is that the speed and pressure capability is 
Halted only by the structural design; one disadvantage is a relatively high leakage rata. This leakage 
can be a significant pcrforaance penalty, and will provide easier passage of air-borne water and dirt into 
the sunp. In this regard high leakage rates of hot gas into tha bearing coapartaent tend to carry oil 
overboard and add significantly to the heat dissipation burden of the oil cooling systen. An added coapll- 
catlon in snail engines is the Halted space available for seals and bearing suaps, here the aulttple 
labyrinth seal with associated bleed and venting passages is difficult to scconssodste . 

Conventional rubbing contact seals, shaft riding and radial face types, are also used for sealing 
bearing suaps. Because of wear rate, shaft riding and circuaferential seals (see Fig. 2 for one version), 
have been Halted to pressure less than (9 N/cn^ (100 psi); and successful operation has been reported at 
a sealed pressure of SB N/ca^ (BJ psi), a gas tenperature of BAA K (700^ F), and a sliding velocity of 
73 a/sac (2A0 ft/see)(Bef. 1). On the ocher hand, the conventional rubbing contact face seel (Fig. 3) 
is liaited CO approxiaately 90 N/cn^ (110 psi) and 122 a/sec (AOO fc/sec) for long operational life. 

Rubbing contact seals are attractive because they have lower leakage rates than labyrinth seals. Asso- 
ciated with this lower gas leakage rate is less entrained debris, lower heat dissipation requireaent for 
the oil cooling systen, and lower efficiency penalty. 

By incorporating thrust bearing geoaetry into a conventional face seal, nonrubbing operation can be 
achieved. This seal concept has been terned the "self-acting" seal, since the aechanisn is sinllar to a 
self-acting thrust bearing in chat Che aaclng faces lift out of contact beccuse of the pressure developed 
by relative motion between the seal faces. Studies (Refs. 2 and 3) deaonscrated that the self-acting seals 
can operate at advanced aircraft engine conditions, that they have lower leakage rates than labyrinth 
sesls, and hence that they are attractive fron an efficiency standpoint. 

The objectives of this paper are to (a) review the operating principle and design of the self-acting 
seal, (b) point out effects of adverse operating rondltons, and (c) present some experimental data. The 
data are for tua seal sixes, a 16. 76-cn (6.6(^ln.) nominal diameter seal suitable for large gas turbines 
and a B.AA-cm (2,5A-in.) diameter seal for small engines. The experimental portion of the program was run 
in rigs which simulated the bearing cospartnents of gas turbines, this placed the sealed pressure at the 
seal Inside diameter; thus tlie bearing otl/alr mixture was at Che seal outside diameter and centrifugal 
force acted against oil leakage. 


DISCUSSION AND ANALYSIS 
Self-Acting F.ire Seal Terminology 

The terms "hydrodynamic" and "hydrostatic” are often applied to describe seals for compressible fluids 
as well as for incompressible fluids. But following the bearing terminology, the terms "self-acting” and 
"pneumostatic" will be used when the sealed fluid is compressible, and the terms "hydrodynamic" and "hydro- 
static" will be reserved for sealing incompressible fluids. 

It should be noted Chat conventional "contact" seals often operate with separation of the sealing sur- 
faces because of forces produced by self-acting, pneumostatic, hydrodynamic, or hvJrosi .it i ■' effects. This 
is particulary true in conventional radial face seals for liquids (suen as pump seals), the hydrodynamic 
forces being produced by miniscule misalignments and surface waviness (which are largely unplanned and 
occur by happenstance) caused by such effects as local thermal expansions, friction, and wear. In con- 
trast, in the seals which are the subject of this paper, the self-acting or hydrodynamic action is produced 
by a "uchlned in" bearing geometry and not by uncontrolled effects. Figure A shows this type of self- 
acting seal. (Since a hydrodynamic seal assembly wruld he the same in principle, the discussion can be 
limited to the self-acting se.il.) 

As previously mentioned, a self-acting face seal is similar to a conventional face seal except for 
the added feature of a self-acting geometry (gas lubricated thrust bearing). As with a conventional face 
seal, it consists of a rotating seat which is attached to the shaft and a nonrotating primary ring assembly 
which is free to move in an axial direction; thus the seal can accommodate axial motion such as is due to 
engine thermal expansion. The secondary seal (piston ring) is subjected only to the axial motion (no ro- 
tation) of the primary ring assembly. Several springs provide mechanical force to maintain contact at 
start and stop. In operation, the sealing faces ate separated a slight auount (in the range of 2.5 to 
1.27 urn (0.0001 to O.OOOS in.)) by action of the self-acting lift geometry. This positive separation re- 
sults from the balance of seal forces and the gas film stiffness of the self-acting geometry. The self- 
actlng geometry can be any of the various types used in gas thrust bearings; the Rayleigh step hearing is 
illustrated in Figs. A and 5. 
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Within thn annl Induntry .Sarn la a wl4a varlaty of taraa uaad to daaerlha alallar aaal parta. Tha 
ASLE aaal gloaaary (laf. 4) haa provl4a4 aoaa |ul4anea In aaal nonanelatura, and tha aalf-aetln( noMncla- 
tiira which follawa la nalnly an airtanalon of thla ASLE work. Tha nonanelatura applylns to an aaaaably of 
parta (Fig. 4) la 

1. Priaary aaal - Saal fomad by tha aaallns facaa of tha aaat and prlanry ring. Balatlvn rotation 
occurs batwaan thaaa aaallag facaa. 

2. Sacondary aaal - Saal fomad by tha aaallng aurfacas of tha sacondary rlns. In tha caaa of a bal* 
lows aaal tha aacondary aaal la tha bal Iowa Itaalf. 

3. Static aaal ■ Saal fomad by tha natlng aurfacaa of tha prlnary ring and Its earrlar (In sona de- 
signs tha atatlc aaal la an intarfaranca fit). 

4. Self-acting gaoaatry - Lift-pad gaonatry (kaylalgh step bearing) and anting face which togathar 
produce the thrust bearing action to aaparata tha sealing aurfacas. 

3. rila thicknasa (h) - Dlstanca batwaan prlanry sealing faces or batwaan aurfacas forming the self- 
acting gaoaatry. For parallel aurfacas tha flla thickness at the prlnary aaal la tha sane as at the 
salf-actlng geoaetry. (Hots that h any vary with radial and clrciaifsrantlal position and with time.) 

6. Seal head - Aaaaably that la ailally aovable and consisting of prlnary ring. Ita retainer (If any), 
and Its carrier. (The retainer and tha carrier are conblned Into one part In aoae designs.) 

The noaenclature applying to single parta (Fig. 4) la 

1. Seat - Part having a priaary aaallng face and aachanlcally constrained with respect to axial no- 
tion. 

2. Prlanry ring - Part having a prlnary sealing face and not constrained with respect to axial notion. 

3. Sacondary ring - Part having secondary sealing surfaces which ante to the secondary sealing sur- 
faces of the carriers. 


Force Balance 

General description . - To datarnlne flla thickneskas and leakage In a self-acting seal, the axial 
forces acting on the seal head (asseably of the prlnary ring and Its carrier) aust be determined over the 
range of operating conditions. These forces coag>rlae the self-acting lift force, the spring force, and 
the pneumatic force due to the sealed pressure. Essentially, the analysis requires finding the flla 
thickness for which the opening forces balance the closing forces. When this equilibrium flla thickness 
Is known, the leakage rate can be calculated. This force balance analysis Is readily obtained for the 
steady-state case In which the seat face has xero runout with respect to the shaft centerline. In this 
regard, a coapllcatlng factor is seat face runout which Introduces dynaaic film thickness changes, (This 
Is discussed in a later section.) For aost teal design purposes the steady-state solution Is sufficient. 

The following sections outline the .inalysis used to ohtuin se.il perfornuni c predictions over the 
operating range; for aircraft gas turbines this range is spanned by the Idle and takeoff seal pressures, 
tenperatures, and sliding speeds. To provide an example, the 16.76-ca (6.60-ln.) diameter seal was selec- 
ted for illustrating the perforsunce prediction analysis. Also, for comparison purposes, the performance 
maps are given for a 6.44-cm (2.34-in.) diameter seal. 


Primary Seal Pressure Gradient 

To establish the axial force balance of the priaary ring, the pressure gradient in the priaary seal 
mjst be determined. (See Fig. 4 for priury seal location.) The lutheaatlcal models described in Refs. 3 
to 7 were used for these calculations. From a gas leakage flow standpoint the priaary seal is a lung pas- 
sage. For example, a typical operating film thickness of a self-acting seal Is In the range of 10.2 urn 
(0.0004 in.), and a typical radial length of the primary seal is 0.127 .as (0.030 in.). Thus, the length to 
height (t/h) ratio of the flow channel is in the range of 123/1. Data froa Refs. 6 and 7 show that this 
leakage passage has the following qualitative features; 

1. Laminar leakage flow prevails over auch of the range of Interest In seals for gas turbines (pres- 
sure range of 343 N/cm^ abs (300 psla)). 

2. Sonic velocity (choking) can exist at the passage exit for some of the larger pressure ratios and 
film thicknesses which occur in seal operation. 

1. Pressure profiles across the priaary seal for choked and nonchoked flow can be very different. 

4. Since the priaary seal radial width Is satall compared with its diameters, the area expansion effect 
on flow can be ignored. 

3. The leakage flow and pressure profile are significantly different if the surfaces of the primary 
seal are not parallel. (See Ref. 8 for a discussion of the effects of converging and diverging sealing 
surfaces. ) 

The primary seal mathematical model used in the one-d Imens lonal analysis of Refs. 3 and 7 is shown in 
Fig. 6, As mentioned, the area expansion effects are Ignored, and the model Is a passage of height h 
and length 1. 

Froa stagnation source conditions of Pj and Vj (see Fig. 6) an Isentroplc expansion Is considered 
to occur ahead of the entrance to the primary seal gap. Thus, the entrance pressure, P2, Is less than the 
stagnation pressure P;, and the entrance velocity, V2, is a finite value. To account for entrance loss 
and viscous friction, it was found necessary to use an entrance loss coefficient. Thus, the entrance ve- 
locity, V2, is less than that calculated by isentroplc expansion. In a later section the entrance effects 
are discussed in more detail. 

Flow In the sealing gap Is assumed one-dimensional and a friction factor is Introduced to account for 
viscous losses. At the exit, three conditions are considered In the analysis: First, exit velocity, V3, 
is subsonic and exit pressure, P], is equal to reservoir pressure, P4. Second, exit velocity, V3, is sonic 
and exit pressure, P3, Is equal to reservoir pressure, P4. And third, exit velocity, V3, is sonic, the 
flow Is choked, and exit pressure, P3, Is greater than the reservoir pressure, P^. 

ORIGINAL PAGE IS 
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If tha flow U •ubaMte thr«i|hoMt. tha aaalfala ra4ueaa to tha followiaa a^uatleaai 


a. Uakata floa rata 

b. Praaaura dlttrlbutloa 
Farallal flla caaa 

Saall daforaatloD caaa 

c. Saallni daa force 

Parallel flla caae 
Saall deforaatloo caaa 








(Evaluatad 

niaatrlcallp) 


( 1 ) 

( 2 ) 


( 3 ) 


(4) 


( 5 ) 


Typical preeaura gradients acroaa the prtaary eeal for two deel^ points (Idle and take-off) for the 
16.76 cn (6.60 in.) diaaeter seal are shown in Fig. 7; these data were developed by the analytical proce- 
dures of Ref. S and is given in nore detail in Ref. 9. The inportant point is that choked and nonchoked 
flows can have pressure gradients with very different shapes thus affecting the opening force, which is 
the integrated force under the pressure-gradient curves. 


Self-Acting Ueonetry 

The self-acting geometry (lift pads) consist of a series ol shallow recesses, typically about 2S usi 
(O.UOl in.) deep, arranged clrcuaf erent lal ly around the seal under the primary seal face as shown in Figs. 
4 and S. An important point is that the lift pads are bounded at the Inside diameter and the outside di- 
ameter by the sealed pressure P|. (This is accosg>llshed by feed slots connecting the annular groove di- 
rectly under the primary seal.) Therefore, the pressure gradient, due to gas leakage, occurs only across 
the primary seal and not across the self-acting geometry. 

The saii-acting geometry is approximated by the Mthemat leal model (shown in Fig. 8) in which the 
curvature effects i,a"s betn neglected. This mathematical model and associated analvsis are described in 
detail In Ref. 10; the lultowlng rastrlctlon'- apply: 

1. The fluid is Newton. an and viscous. 

2. A laminar flow regime is assumed. 

3. Body forces are negligible. 

Figure 9 shows the calculated lift force (see Ref, 10 for details) produced by the self-acting geom- 
etry for idle and take-off seal conditions. Inspection of Fig. 9 reveals that at film thicknesses of 
2.7 urn (O.UOOS in.) and greater the lift force is small. However, at film thicknesses less than 2.7 urn 
(0.000& in.) the lift force increases as the film thickness decreases, and as a result the self-acting 
geometry has a high film stiffness which enables the seal head to track the face runout motions of the ro- 
tating seat (ace. As mentioned previously, the self-acting lift force tends to open the seal, and is 
added to the primary seal opening force to obtain the total opening force. 


Closing Forces 

The closing forces acting on the primary ring are a spring force and a pneumatic force. Since the 
full sealed pressure acts to the inside diameter of the primary seal, the net pneumatic closing force acts 
only on the annular area between the primary-seal inside diameter and the accondary-asal outside diameter. 
For the 16. 76-cm (6. 60-in.) diameter seal this annular area (see Fig. 10) is 4.66 cm* (0.722 In.^), and the 
resulting closing forces due to the sealed pressure are listed In Tab, I, for idle and take-off sealed 
pressures. It should be noted that these closing forces are for average dimensions at room temperature. 

At operating temperature a thermal growth difference may raase a change In the relation between the 
secondary-seal outside diameter and the inside diameter of the primary seal. Thus, the closing force 
could be a function of temperature. 


Equilibrium Film Thickness 

In a rubbing contact seal the closing force is resisted by solid-surface rubbing contaetj thus, a 
total force balance is achieved. But in self-acting seals the force balance is achieved without rubbing 
contact. Therefore, for a given design point the seal will operate at a film thickness such that the 
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total opining forci laactly baUnca* tha total cloalng forca« and. >a llluatratod la Pig. 11 frea laf. •• 
tha Intaraactloa of thaaa forca cunraa glvaa tha ataady-atata aqulllbrlM ftla thlcknaaa. (Thla flla 
thlcknaaa dataralaatloa doaa not taka Into account dynaalc running factors such as aaat faca runout and 
piston ring danplng. ) 

Each operating point should ba chackad for agulllbrlua flla thlcknaaa. If thaaa flln thlcknaaaas ara 
not aatlafactory. It nay bs poaalbla to adjust tha closing forca such that all operating points fall within 
a satisfactory Unit. Eaparlanca has shown that the satisfactory flln thlcknaaa raglna la about 2.S wn 
(0.0001 In.) on thi low and (sons tolaranca to thsraal dafomatlon nust ba nalntalnad) and 0.0013 un 
(0.0005 In.) on tha high and. Thaaa Units are only approalaata and dapand to a large aatant on tha dy- 
naalc and thamal condition to which tha aaal la aubjactad. The high Halt of practical flln thlcknasa la 
establlahad by aaal dynanlci and laakaga conaldaratlona. In particular i tha prlnary ring raaponaa to tha 
seat face runout bacoaei axcaialva as tha naan flla thlcknaaa Incraaaaa (Ref. 11) i thla la bacausa tha 
stlffnaei of tha gas flln dacraaaas as tha flln thlcknaaa Incraaaaa. 


Parfornance Hapa 

Ones Che aqulllbrlun flln thlcknaaa la found, tha pradlctad laakaga can be decarnlnad by ualng the 
ona-dlnena tonal nathod outlined In Raf. 5. By croaa-ploctlng tha aqulllbrlun flln thickness over Che leak- 
age curves, a perfornanca nap can be generated; and typical data for the 16.76-cn (6.60-ln.) dlaneter seal 

la given In Fig. 12 (fron Raf. 12). Inspection of Fig. 12, which covers a range of sealed pressura differ- 

ential fron 14 to 276 N/cn^ (50 to 400 pal), reveals that air leakage Increases as speed la Increased; this 
la due to nore effacClva Reylelgh step bearing parformanca. Also for any glvan spaed, as prasaura la In- 
creased, the equlltbrlua flln thlcknesa Increases slightly. This auggests that the net pneunostatlc force 

(pressure gradient across the sealing dan nlnua the closing force due to the sealed pressure) Is decreasing 

slightly. 

Parfornance naps (Fig. 11) for a snallar seal (6.44 cn (2.54 In.) nonlnal dlaneter) are slnllar except 
that the design salactlon of the pneunostatlc force balance led to a decreasing flln thickness with In- 
creasing pressure. Figure 14 shows Che construction details of a snail dlaneter seal design. 

Care Is taken to insure flatness of the sealing surfaces after assenbly. The seal seat is keyed to 
the shaft spacer and Is axially clamped by a machined bellows which exerts a predetermined claaq>ing force, 
thus minimising distortion of the seal seat. The bellows also acta as a static seal between the seat and 
the shaft spacer. Cooling oil is passed through the scat to reduce thernsl gradients, and the oil dam disc 
also serves as a heat shield. Wlndbacks are used to prevent oil from approaching the sealing surfaces. 


Inlet Effects 


As mentioned previously, shaft seals for gases have very small sealing gap heights h (direction per- 
pendicular to Che leakage (low), and these are in the range of 2.5 to 12.5 urn (0.0001 to 0.0005 In.). In 
the direction of flow the gap length t is relatively long, in the range of 1270 iin (0.05 in.). In nther 
words the leakage channel is long and narrow with t/h ratios of over 100. The mathenatlcal modeling of 
this leakage channel Is critical. In that the validity of the equilibrium film thickness prediction de- 
pends to a large part on the accuracy of predicting the pneunostatlc opening forces on the primary seal; 
this Is the pressure gradient which acconpanles the leakage (low. The fully developed portion of the flow 
Is readily obtained (Ref. 5), but the entrance region loss data for seal configurations and operation is 
generally not available. 


Data with some applicability has been developed lor gas lubricated bearings. But the flow In the 
cavity region Just before the Inlet of gas thrust bearings Is generally different from that before seal 
configurations because the flow to the Inlet of thrust bearings is often a strong function of radius and 
not so fur seals. For this reason the Inlet condition in hearings can be sonic or even supersonic. In 
this regard sonic, or supersonic, inlet flow is not predicted bv the seal mathematical model (Ref. 5); and 
subsonic Inlet flows are thmiglit to prevail. 


As an illustration of Inlet effects the mathesiat leal model of Kef. 5 was used to calculate the pres- 
sure gradient for the small diameter seal depicted in Fig 14 Assumed gap thicknesses were fron 2.54 to 
12.7 pB (0.0001 to 0.0005 In.) and the operating conditions assumed were 


Sliding speed 
Sealed gas temperature 
Sealed gas pressure (P;) 
Bearing cavity pressure (P^) 


198 m/sec 
677 K 
14H N/cb 2 abs 
25.6 N/cm^ abs 


(650 ft /sec) 
(750" F) 
(214.7 psla) 
(17.1 psla) 


A constant inlet coefficient of O.b was assumed (or the range of gap heights, and the pressure gradient 
curves are as shown in Fig. 15, In which the area., under the curves represent an opening force. An Inpor- 
tant point Is the Inlet pressure loss; the mathematical model predicts that the smaller leakage gaps have 
less inlet loss than the larger gaps (assuming the iniet coefficient is constant). The other point to note 
la that the larger gaps are operating und, r choked (low conditions at the exit, while the smaller gaps are 
not choked. The choked (low condition tends to increase the area under the curve, but the inlet loss tends 
to decrease the area (decrease closing force). The net result Is a smaller closing force exists under the 
curves for the larger gaps. This Is beneficial since it Introduces positive axial film stiffness; that is, 
if the leakage gap closes, the opening force increases, and this tends to hinder further closing. This is 
a desirable feature since it Is a positive stabilizing force from a dynamic operating standpoint. 


In order to check the Inlet loss coefficient isagnltude which applies to seals, experiments were made 
using a scaled-up simulated primary seal with a fixed clearance of 25.4 vm (0.001 in.). A schematic of the 
test rig is shown in Fig. 16, and an example of the da^a obtained Is shown in Fig. 17 for a pressure ratio 
of 10 with an upstream reservoir pressure of 62.1 N/cm*' (90 psla). In addition to the Inlet loss the pres- 
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•ur* (radiant aeroaa tha prlaary aaal was Maaurad by waana of a sat of saall dlaaatar proaauro taps. 

Analysis of tha data shows the lalat coafflclant to ba 0.66. In addition tbs data provldaa a eonvan- 
iant chack on tha accuracy of tha priaary aaal prassura gradlant wodal of Raf. S. Fltura 17 shows 'sows 
davlatlon betwaan the atsaurad data and tha calculatad profile but tha agraaaant la good. It should ba 
noted that a slight convergent daforaatlon. If It actually axlsts In tha rig. will produca tha davlatlon 
ahown. And, in fact, analysis revaalad that thaory and eaparlwant will agraa aaactly If a convorgant da- 
foraatlon of 0.0004 radian is aasuaad: and for this case tha coefficient drops to 0.61. It la apparent 
fron theoretical data (Fig. IS) and naasurad data (Fig. 17) that neglect of Inlat affect In tha nathenatl- 
cal »>del for the pressure gradlant will result la a pradlctad opening force which la too larga. This la 
the significant point of the data. 


Adverse Operating Conditions 

Effect of nonparallel seallna faces . - Figure 18 shows, in an esaggeratsd nanner, the axlsySBMtric 
coning displacenent of tha seal seat. (The prlnary ring could also be coned.) This type of coning dla> 
placenent, which can be caused by theraal gradients, results in nonparallel faces within the prlnary seal 
and the self-acting geonetry. These nonparallel faces have a significant effect on load capacity of the 
self-acting geonetry; also the prinary seal opening force la affected. Thus, In design, the equlllbrlun 
operating fUn thickness should also be calculatad for anticipated coning dlsplaceiwnts. 

As an exanple of the effect of this coning, cruise condition operation was checked (using the nethoda 
of Ref. 9) for equllibriun flln thickness for a distortion of 1) un (0.0005 in.) across the self-acting 
pad. This is a distortion of 2 nllllradlans and is typical of sone seal operation (Ref. 12). 

Figure 19 shows the self-acting lift force for the 2-nllliradian distortion of the seat face. Note 
that the force is plotted as a function of the wean flla thickness of the self-acting pad. Also plotted 
la force generated for a parallel fllw, and coaparlson shows a significant reduction in lift force due to 
the axlsyMetric coning, especially at tha lower flln thicknesses. 

As noted previously, the prlnary seal opening force is also affected by nonparatlel faces; and this 
was calculated by using an analysis stnllar to Ref. 7 for the 2-milliradlan distortion. The results are 
given in Fig. 20. For the divergent deforMtion shown in Fig. 18, there is a surked reduction in opening 
force as the flla thickness decreases (negative flln stiffness). In contrast, for convergent defornatlon 
the opening force increases as file thickness decreases (positive film stiffness). However, in alrciaft 
asinshaft seals, the divergent defornatlon is a natural tendency due to thermal gradients. 

Finally, in Fig. 21 the equilibrlua filn thickness fur a 2 ailliradian distortion is found by finding 
the intersection between the total closing force and total opening force. The aean filn thickness is about 
1.69 ua (0.00066 in.). Thus the ainiaias flln thickness is 10.4 un (0.00041 in.). 

With the equil'brlun filn thickness values tor the axlsysnet rlc distortion, the gas leakage was calcu- 
lated by using the method previously outlined. The results revealed that the leakage rate for the 
2-ail 1 Iradlan defumatiun was nearly twice that of the parallel-face case. 

Effect of seat face runout . - The preceding analyses were for operating flln thicknesses that did not 
vary with tine. This would be the situation if the rotating seal face had lero runout. However, the seat 
face will, in general, have some runout with respect to the seal's axis of rotation; and in particular, 
the raaximun runout used in practice is of interest since it will Induce the maxinum tine-dependent filn 
thickness changes. 

01 interest, then, is how the priswry ring responds to the runout motions of the seat face. This re- 
sponse deternines the flln thicknesses at any instant. Experinental data reported in Ref. 1) reveal that 
the prlnary ring can follow (dynanlcally track) the seat face notion over a considerable range of face 
runouts. These data were obtained by miuntlng two proxlnltv probes (90° apart) on the ring retainer and 
recording the change in filn thickness as a function ol time. A schesutlc showing the probe location is 
given in Fig. 22. Some results Iron Ref. 13 are given in Fig. 23 which shows that for a seat face runout 
of 20 um (0.00085 in.) f ul 1- indicator reading (F.I.R.), the ring response is in phase and the total change 
in filn thickness is 17 un (0.00067 in.) and that the tllis thickness varies c 1 ccumferent lal Iv; that is, 
the flln thickness is nut axlsvnnetrlc and is slnllar to that depicted in Fig. 24. 

This nonsvmaetric angular mlsallgnnent is an Inherent tendency because ol secondary seal friction and 
Seal head Inertia, which are introduced by the tracking response to the seat face axial runout. As the 
high point of the seat face runout (see Fig. 24) rotates, the seal head nust nove back, and this is re- 
sisted by the seiondary seal friction and head inertia; thus the flln thickness tends to be smaller oppo- 
site the high point ol face runout. In contrast, the friction and inertia are acting In opposite direc- 
tions at the low point (180'^ away). Therefore, a rotating force couple exists which Is synchronous with 
the face runout (if the seal head is properly tracking the seat isotlon); this causes the seali.ig faces to 
have an Inherent angular misalignment. 

As previously lndic.ited. nonparallel f.ices c.iusc . h.ingis In the pressure gr, id lent .ii ross tlu* prlnwry 
seal and, therefore, effect the contrlhutlon of the primary seal to seal stability; this contribution can 
either have a positive (converging faces) or negative (dlvrir^lni. (aces) effect. Table 11 (fron Ref. 14) 
outlines some of the possible primary seal distortions, axlsvnnelric a.id nonaxlsyawt rlc ; and the result- 
ant contribution for seal stability Is indicated. Table II was constructed for Inconpresslble fluid but 
these stability nodels, in general, also apply when sealing a compressible gas. For gas turbine nalnshaft 
Seals, nodel F, with the sealed pressure at the inside diameter, is probably the most prevalent with the 
nonaxisymsetric dtspl.icenrnt (angular misalignment) being prodin ed by the response of the seal head to the 
face runout imtluns of the seat. Tha axlsyaBetrtc portion of the nonparallel displacement will be due to 
thermal gradient which arises because of two effects; (a) the temperature gradient between the sealed gas 
and the bearing sump, and (b) the shearing of the fluid film in the primary seal. Analysis suggests that 
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tb* tharaal conlni cm readily pradoalMte, tbarafera. with raferanca to aedal I of Tabl II, I will ba 
graatar thM Y, Md tha aaal ferea will ba dl«argMt e«ar tba full MO**; tbla la a daatablllalag condi- 
tion. and ovarall omI atablllty nMt bo provided by tha aalf-actlng laonetry If rubbing contact la to ba 
avoided. 

An analytical progran baa boon davaloped for tha purpoaa of predicting prlnary omI ring roaponaa to 
aaat face runout (Raf. 11). Analyala of tha lb.67-cn (d.60-ln.) dlanatar omI depleted In Rig. A ravaalad 
chat tha prlnary ring roaponaa la narkadly affected by aacondary aaal friction and by Inertia of tha i>,'l- 
nary ring aaaanbly. Tha friction affect la llluatraced In Fig. 2S{ aa runout Incraaaaa, thara la a frlc-' 
tlon laval Chat, If excaadad, will retard tha prlnary ring notion to auch an extant that rubbing contact 
will occur (lino (1)); alao for the higher face runouta there la a friction laval below which the Inertial 
forcaa are ao high that the prlnary ring cannot follow tha runout (line (2)). Tharafora, aona friction la 
probably deatrable for noac appllcatlona bacauae of the practical llnlta on control of faea runouta. Fur- 
ther, tha data auggeat that tha prlnary ring aaaanbly Inartla ahould ba kept aa anall aa practical In or- 
der to nalntaln good ceaponaa (avoid unatabla operation). 

In a detailed analyala (Raf. 11) three different cypaa of noseplace reaponaea were revealed by a 
paranetrlc atudy uaing different nagnlcudaa of aaat face runout and aacondary aaal friction. Thaaa three 
caaea are 

Caie 1 - Prlnary ring nation dupllcatea aaat face runout notion and can ba described by rotation 
(rocking) about two orthogonal axes. Howevar, because of prlnary ring Inartla Md/or friction, the face 
of the ring has an angular nlsallgnnsnt with respect to Che face of the seat. Therefore, the flln thick- 
ness between the faces Is not unlfora (aae Tab. II, nodal D). 

Case 2 - Sane as case 1 plus an additional axial vibration conponent. 

Case 1 - Seal failure (flln thickness reaches aero). This case can occur when the frictional forces 

are either two low (when Inertia forces are high) or too high for the available load capacity of the self- 
acting pads. 

An analysis was nade of the seal head dynanlc response of the 6.A4-cn (2.54 In.) dianeter seal with a 
seat face runout of 11 un (0.000512 In.) and with secondary seal friction considered. The snchenatlcal 
nodel described In Ref. 11 was used, and the data are given in Fig. 26, In which the nlnlnun flln thick- 
ness is giv' n as a function of tlw for a seal sliding speed of 244 n/sec (800 ft/sec). The plot in 

Pig. 26 sNua stable operation with a nlnlsnin flln thickness of 5.6 un (0.000219 In.) was achieved within 

a very short tine span: stable operation of the case 1 type (tracking without axial vibration) was pre- 
dicted. 


EXPERIMENTAL DATA 

16.76-Centimeter (6. 60-ln.) Nominal Diasieter Seal 

Table 111 (frun Ret. 12) shows typical experimental data on the large diameter seal. The maximum com- 
bined conditions attempted In the rig test were a sliding speed of 175 n/sec (575 ft/sec), a sealed gas 
temperature of 811 K (1000** F), and a sealed pressure of 207 N/cm- gags (300 pslg). This set of data and 
resulting posttest Inspection of the parts confirmed the analytical predictions that the seal would 
functlo.. without rubbing contact at operating conditions expected in advanced engines. 

Figure 27 (from Ref. 12) shows some experimentally obtained leakage results compared with the pre- 
dicted total leakage (combined primary and secondary seal leakage). The correlation is reasonable, and 
the experimental data show the scatter typical of leakage values obtained throughout the test. This scat- 
ter in results is due to the strong dependence of leakage on sealing clearance (A very small change In 
clearance will produce a significant change In leakage. See formula (1).) 

In addition to the performance evaluation at various operating conditions, the seal was subjected to 
a 120-hour endurance test (Rel . 15) at the following test conditions: 



120-hr segment 

200~hr Hegnent 

Sealed air temperature 
Sealed pressure differential 
Seal velocity 
Spring load 

775 X (1000“ F) 
1)8 N/cm^ (200 psl) 
122 m/stfc (4>00 fi/Kec) 
68. S N (16.4 lb) 

775 K (1000“ F) 
1)8 N/cm2 (200 psl) 
122 m/sec (400 ft/sec) 
68.5 N (15.4 lb) 


During the lirst segment of testing, seal leakage averaged approxliutely 0.11 scmi (11.7 scfm) as 
shown in Fig. 28, During the second segment, leakage averaged 0.40 senn (14 scfm) for the first 100 hours, 
and increased at the rate of approxl&ttely 0.01 sesa (1 scfm) every 20 hours for the second 100 hours. 

Inspection of the seal after Che 120 hours suggested that the gradual Increase In leakage was due to 
air-entrained debris erosion of Che sealing dan. (Erosion due to debris Is discussed In the following sec- 
tion.) A profile trace of the carbon primary seal fare taken after 120 hours of endurance Is shown In Fig. 

29(a). The deepest scratch (air entrained debris) In the sealing dam was approximately 5.08 on 
(0.0002 In.). The average Rayleigh pad wear for Che 120-hour test was less than 1.27 pm (0.00005 In.). 

After the second segment of testing the carbon prluury seal and seal seat were still In good condition. 

A prof! e trace (Fig. 29(b)) taken at the saw location as the traces In Fig. 29(a) shows more shallow 
scratches 2.54 um (0.0001 In.) dee' . The average wear on the Rayleigh pads for the second segment of 
200 hours was less than 1.27 un f .00005 In.). 

The effects produced by air entrained debris were checked by the Introduction of abrasive particles 
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(ArltoM toad duat) Into tha taat rt| at tha rata of l.S g/hr ovar a 14. 5-hour caat run. Data Indlcatad a 
gradual Incraaaa in aaal laakaga dua to waar of tha aaallnt dan hy tha air antralnad dirt. No olpilf leant 
uaar occurrad to tha kylalifi atay pad portion. Tha aroalon uoar HU*ni of tha yrlnary anal la ahoun la 
rig. M. which la a aurfaea groflla traea takan radially aeroaa tha yrlnary aaal. It la thougfil that tha 

aaallng dan waar nay yrocaad until tha laakaga gay halght hacoaaa larta anaugh to yaaa tha ontrataad 

dabrla. 


4. 44-Cant laatar (2.54-ln.) Honlnal Dlanatar laal 

Table IV contalna gaa leakage data for relatively anall dlanatar aelf-actlng aaala (aae Fig. 14) oper- 
ating In a teat rig over a preaaure differential range fron 23 to 111 M/em* (34 to 141 pel) and a eliding 
apaed range fron 91 to 183 a/eac (300 to 400 ft/aec). (Thla la a rotative apaad range of 27 300 to 34 400 
rpn.) 


The teat eatup contained two aaala, one fora and one aft of tha rig bearing. Thla alaulatad a hearing 
coapartaant In a aaall gaa turbine. Neither the forward nor tha aft carbon none or aaal aeat ahowed any 
wear during thla evaluation (Tab. IV, froa Nef. 14). Thua the aaallng aurfacaa ware aaparatad by a gaa 
Ilia over the entire aatrla of operating varlablaa. Thla auggaata that tha gaa bearing fila atlffnaaa waa 
aufflclent to prevent rubbing contact under the high Inertia forcaa which ara aaaoclatad with high rotative 
apeeda (Inertia forcea incraaaa aa tha aguara of tha rotating apaed). 

Data in Tab. IV indicate a aaal laakaga Incraaae with a alldlng apaad increaaa (for any given praa- 
aure differential). Thla leakage Incraaae la due to a alight Incraaaa of tha aaallng gap. 

To further explore the operating llnlta of tha annll dlaaotar aelf-actlng aaala, 300 houra of endur- 
ance oparatlon at aablent tenperatura (*381 K (223° P)) waa conducted ae followa (8af. 14): 


Houra 

Speed 

Air preaaure 
differential (nax) 



rpn 

N/cn^ aba 

pale 

1 - 100 

143 

473 

43 000 

123 

181 

100 - 200 

132 

300 

43 300 

129 

186.3 

200 - 300 

160 

323 

47 700 

130 

189 

300 - 400 

168 

330 

30 000 

129 

187 

400 - 467 

173 

373 

3? 300 

128 

186 

467 - 300 

183 

600 

34 600 

128 

186 


The sane aft acal carbon and aeat ttere uacd throughout the teat, and a forward carbon ring waa uaed 
that had prevloualy operated for 130 houra. 

Table V froai Ref. 16 outllnra teat reaulla for the 300-hour run. The laat run waa typical of the air- 
flow that can be expected through two a-ala at an air preaaure differential of 127 N/cai^ (184 pal); approx- 
Inately 0.007 kg/aec (12 aefn or 0.013 Ib/aec). 

The depth uf the aelf-actlng geoartry waa checked by aurface profile neaaureaenta for the purpoae of 
■onltorlng the wear proceaa. The average total wear of the carbon rlnga during the 300-hour teat waa 31 un 
(0.0002 In.) (Ref. 16). In addition to endurance runa, the effect of aeat face runout waa evaluated In a 
10-hour teat run by ualng aeata which had been nBchtned auch that in the aaaenbled atate a full Indicated 
runout of 30. B u> (0.002 In.) exlatedi thla Bagnitude la twice the uaual practice (or conventional aeala of 
thla aixe range. Baaeline teata were alao conducted on aeal aaaeabllea which had r''nouta of 13 uM 
(0.0006 In.). A conparlaun of leakage ratea la ahown In Fig. 36. Naxiuun apeed waa 43 000 rpn or 143 
a/aec (473 ft/aec). The data of Fig. 31 reveal a algnlflcant axial runout effect on leakage rate, the 
aeala with 30.8-ua (0.002-ln.) aeat (ace runout - having about three tinea the leakage of the aeala with 
norauil runout valuea (13 un (0.0006 In.)). Inapectlona after the two teata, 10 houra of baaeline tearing 
and 10 houra of tearing with 40.8-ua (0.0020-ln.) runout, revealed that wear wan inalgnlf leant ; therefore, 
noncontact operation waa nalntalned In both IC^hour teata. The Increane In leakage over the baaeline teat 
la due to a greater average fllu thlckneaa Induced bv reaponae of the prlnary ring to the aeat face runout 
(aee prevloua dtacuaalon on efferta of aeat face runout). 


Spiral Groove Self-Acting Seal 

The Rayleigh atep bearlnga o( the awll dlaneter aeal depicted in Fig. 14 were replaced with a aet of 
aplral groovea (aee Fig. 32). and the aeal waa run at ninulate engine condltlona. Typical aeal leakage 
data are ahown in Fig. 33 (from Ref. 17) for adding apeeda of 182.9 n/aec (600 ft/aec). Data at other 
adding apeeda conflrned that the general trend for aelf-acting aeala waa a leakage increaae aa apeed In- 
creased. The leakage, however, wax relatively low and ronaldercd within the uaable range for application 
in ana.'l gaa turbine enginea. 

A 34-hour endurance run waa nide at 148.1 N/cn^ aba (213 paia) nealed preaaure and the data are given 
in Tab. Vt. The adding apeeda ranged (roai 122 to 243.8 a/nec (400 to 800 ft/aec). with the najorlty of 
ti.e tine b< Ing at 213 n/aec (70<> ft/aec). The naxinun adding apeed of 243.8 n/aec (BOO ft/aec) corre- 
aponda to a naxinun rotating apeed of /2 300 rpn. 

The ..a-aaured wear In the apl'al groove region after the 34 houra of operation waa (Ref. 17): 


Forward aeal ho neaaurable wear 

Aft aeal I.O un (0.000040 in.) 

















Uak«|« Mtt CeiMriaon to CoavmtloMl Soal 

Uakast caata wara aa4a am variova eoavoottaiial aaala af a alaa coafarakla ta tha *.44>e« (I.M-la.) 
dtaaatar laylol|h atop pad aaal (rip. 14) | tha caaparlaon la ahawa in Pig. 34. In gaaoral, tha plat ahow« 
that tha aalf-actlng faca aaal haa tha patantlal a( algalflcaatly raduelng laakaga aa caapa'*^ with tha 
canaontlonal aaala. 

Of tha eoavaatloaal canf Iguratlaaa, faca aaala allowad tha laaat air flow at high proaaitro dlfforoe- 
tlala. Clrcuaforantlal aa^aatad aaala ara aa tight aa faca aaala at aedarata oparatlag conditional how- 
ovar, ai^arlonco and tha aubjact taat progran raanlta ha«a ahown that at proaauro dlffarantlala abova 
41.4 U/cmr (60 pal) and apaada abova 107 n/aac (3)0 ft/aac)i thaaa (unbalancad) clrcuafarantlal aa^ntad 
aaala rapidly waar out and finally oparata aa labyrlntha. In that caaa thara la llttla to chooaa batwaan 
clrcunfarantlal. rotating ring, and labyrinth aaala In taraa of air flowa. 

To gain aona parapactlva of tha naviltuda of air flow undok' dlacuaalen, angina .nparlanca haa aho«m 
that aacaaalva air flow Into a boaring packago Incorporating aaala of tha alaa uaad < tha taat progran 
would ba In tha ordar of 0.012 kg/aac (0.029 Ib/aac). Taking midpoint valuao of tha range of proaauro 
dlffarantlala In Pi|. 14, tha faca aaal could not naat thla criterion at praaaure dlffarantlala abova ap> 
proilaMtaly 8) N/cna (121 pal), and tha Uniting preaaura differential for clrcunfarantlal aagnanted aaala 
(which waar rapidly), rotating ring aaala, and alnpla labyrlntha would ba appronlnately 40 N/cn^ ()g pal). 
The aalf-actlng aaal, however, did not reach tha llnltlna laakaga rate and had a leakage of 0.0046 kg/aac 
(0.0102 Ib/aoc) at a preaaura dlfferontial of 107.6 N/cn* (1)6.0 pal). In ganaral tha aalf-actlng aaal 
had about ona third the leakage of the conventional face aaal. 


CONaUDINC RQMMCS 

Self-acting aaala arc daacrlbad, and their potential for naetlng operational rasulrcnenta of gaa tur- 
bine enginca la eaplorad by neana of predictive analyala of their operation at aealing apeed, preaaura, 
and tenparature condltlona which would be inpoaed by the engine. In particular. Che analytical procedure 
la ;• >cn for predicting the leakage and operating flln thicknaaaea. ParforMnee aupa for two aaal alcea 
ara ^'veni theae arc a 16. 76-cn (6.60-in.) nonlnal dlanater aaal aultable for large cnglnaa and a 6.44-cn 
(2.)4-ii .) diaeutter real for anall enginaa. The analyala and aubaequent operation of theae aeala under 
alnul.i c>' gaw turbine cundltiona revealed the following: 


1. Analyala 

a. Noncontact operation with acceptable leakage ia predicted over the range of engine operation con- 
ditlona (idle, takeoff, cllnb, and crulae) for both aeal aiiea. 

b. The predicted operating file thickneaa of the 16. 76-cn (6.60-ln.) diameter aeal ranged between 6.6 
and 11.9 un (O.OOOIB and 0.00047 in.) for idle, takeoff, climb, and crulae. 

c. The calculated aeal leakage ratea of the 16.76-ca (6.60-ln.) diameter aeal ranged between 0.01 and 

0.40 acmm (0.4 and 14.0 aefm) for idle, takeoff, cllad>, and crulae. 

d. For a typical operating condition noncontact operation waa predicted under the aaauaiptlon of a 
2-nllllradlan fare deforaution. Gaa leakage waa about twice that for parallel-face operation. 

e. Analyala reveala that the preaaure drop in the inlet to tlie primary aeal givea rlae to a poaltlve 
film atlffneaa and haa a algnificant effect on aeal opening force magnitude. 

f. Proper tracking of the aeat face runout by the carbon ring ia predicted fur practi'al leveU of 
face runout magnltudea. 


2. Eaperlment. Simulated Engine Operation 

a. In general the aelf-acting aeala operate, aa predicted, without rubbing contact over the range of 

almulated engine operating condltlona. Of particular Intereat waa: (a) the noncontact operation of the 

16.76-cm (6.60-ln.) diameter aeal at the advanced engine condltlona of a l)2-m/aec ()0O-ft/arc) allding 
apeed, a 14S-N/cm- OUO-pai) aealed preaaure differential, and a 811 K (1000° F) aealed air temperature 
and (b) the noncontact operation of the 6.44-cn (2.)4-ln.) diameter aval at a 24).8-a/aec (800-lt/aer) 
eliding apeed and a 148.1-N/cm^ (21) pal) aealed preaaure level. 

b. The aelf-acting (ace aeal leakage waa algiit leant ly lower than that of conventional aeal typea. 
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TABLE 1 


CLOtIBC FORCE 



Daalpi point 

Idl* 

Takooff 

Saalad taap«ratur« 

S«al ilidlai *p«ad 

SMlad praaaur*. F^ 

Fraiiur* chant* . AF 

Saalad-praaaur* cleatat fere*i . . . . 

•print forcct 

Total cloalnt ferc*t F. ■ F ^ F . • . . 

t p a 

311 C dOO" F) 
122 a/aoc (200 ft/arc) 
45 H/ca^ a (65 pala) 
34.5 N/ca^ (50 pal) 

160.6 R (36.1 IbO 
71.2 ■ (16 IbO 

231.7 M (52.1 Ibf) 

977 K (1300° F) 
137 a/a*c (450 (t/**c) 
217 R/ca^ a (316 pala) 
207 R/ca^ (300 pal) 
963.4 R (216.6 IbO 
71.2 R (16 Ibf) 
1034.6 R (232.6 Ibf) 
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TABU It. - SIAL STAiam MODBU 


^lU 




XVC^WV«NVV> I 


yftU 


fTtv 




I.NWXXVWVSXW^ XXXXXXXXXXXXX* I 


Ctifc 'o' 

^ 'o’ 


I XXXXXXXXXVXXX VXXXXVXXXXXW*' I 


pBiftn 

Axial 

atlffnaaa 

Reatorlng 

AxlajnaMtrlc 

Zaro 

Zero 

AxlayaMtrlc 

Zaro 

Zaro 

AxiiyBMtrlc 

Ncgaclva 

Negative 

Aatayaaatric 

Poaitlva 

Poaltlve 

AxlayoMtrlc 

Poaltivc 

'/oaltlve 

AxlsynMtrtc 

Negatlva 

Nexative 

NonaxixyixMtric 

Poa 1 1 1 v». 

Poaltivc 

Nonaxlajnaawtrlc 

Hagatlva 

Negative 

Nonaxl aymctrlc 

Neva tl VC 

Negative 

Nonaxlaymctrlc 

roaltiva 

; oal t Ive 

Nonaxl a yiawtrlc 

Poaltivc 

Poa 1 1 1 ve 

Honaxlayaaatrlc 

Nexative 

Negative 


0, Jw 7 quau« 
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TABU III. • TtriCAL TI8T SATA FOB 16.76-CEIirilCTBB (6.60>1M.) HOMIHAL DIAMBTBt SEAL 


nmm. 

hr 

tlldlag apaod 

Baal prassura 

Air 

raaparatura 

011-ln 

twipTatuf 

Actual total air 

leakage 


■/sac 

ft/sac 

n/cm 

pal 

K 

“f 

K 

" 


scwxlO^ 

scfii 

2.0 

111 

365 

207 

300 

700 

BOO 

394 

250 

15.0 

31.9 

2.0 

1 

1 

224 

325 









16.5 

34.9 

2.0 



241 

350 









17.8 

37.8 

2.0 

i 

1 

259 

375 









18.8 

39.9 

2.0 

f 

T 

275 

400 









19.6 

41.5 

2.0 

m 

400 

275 

400 









26.6 

56.4 

a.o 

122 

400 

293 

425 









27.8 

59.0 

I.O 

U7 

450 

207 

300 

f.l 

1000 





17.2 

36.5 

.5 

152 

500 

1 

1 









17.5 

37.0 

.5 

160 

525 











16.5 

35.0 

.75 

168 

550 

1 

1 









16.5 

35.0 

.25 

175 

575 

? 

T 









17.9 

38.0 


*Bif. U. 


TUU IV. - SELr-ACTIMG FACE SEAL EVALUATIOM 
(6.44-ca (2.54-in.) noalnal diaaacar Mai.] 


«P« 

Spaed 

Air pressure 
dlffareBtlal 

Airflow 
(two seals) 

Seal 

tei^ratura 


si/ sec 

ft/aac 

ll/as* 

pal 

kg/ sac 

Ib/sac 

K 

“f 

27 300 

91 

300 

23.4 

34.0 

<D.0006 

<0.0013 

333 

140 

36 400 

122 

400 

23.1 

33.5 

<.0006 

<.00U 

352 

174 

45 500 

152 

500 

23.1 

33.5 

<•0006 

<.00U 

371 

210 

54 500 

183 

600 

22.1 

32.0 

.0011 

.0024 

392 

246 

27 300 

91 

300 

111.4 

161.3 

.0023 

.0030 

364 

196 

36 400 

122 

400 

110.7 

160.5 

.0032 

.0070 

373 

212 

45 500 

152 

500 

109.6 

139.0 

.0036 

.0079 

386 

236 

54 600 

183 



600 

107.6 

156.0 

.0046 

.0102 

402 

263 


TABU V. - SOO-BODB EBIWItAICZ TEST IBSDLTS* 
|saalad praatura, 148 l/ca^ aba (215 pala)]] 


Hours 

Naxiaus airflow 
(two saals) 

Maximia cavity 
prctiur* 

Maxlaua seal 

teaperatura 

Huabar 

of 

stops 

Forward 

Aft 

k8/« 

sefa 

Ib/aac 

M/ca^ abs 

psla 

■1 

B 

E 

B 


*’l - 100 

0.011 

18.5 

0.024 

23.3 

36.7 

407 

272 

380 

225 

H 

^100 • 200 

.008 

13.3 

.017 

21.8 

31.7 

417 

290 

385 

234 

h1 

**200 • 300 

.007 

12.5 

■ 1 

21.3 



298 

390 

242 


**300 - 400 

.008 

14.3 

HI 

22.3 

lo 


296 

395 

231 

h1 

400 - 467 

.007 

12.5 

HI 

21.2 

30.7 


296 

399 

258 


467 - 500 

.007 

12.0 

■B 

21.2 

30.7 


306 

407 

272 

■1. 


Air laakaga raaulta Includai laakaga through scavanga fittings. 


























TABLE VI. - ENDURANCE TEST FOR 6.44-CENTIMETER (2. 54-IN.) DIAMETER SPIRAL SELF-ACTINC SEAL 


2 

(Sealed air pre»sure> 1«8 N/ca aba (215 paia).] 


AccuaulaCed 

tlM( 

hr 

Spaed 

Cavity preaaure 

Airflow 

Seal teaperature 

■/aec 

ft/aec 

rp« 

N/ca^ aba 

paia 

kg/aec 

acfa 

Ib/aec 

Forward 

Aft 










K 

°F 

K 

“f 

4 

122.0 

400 

35 900 


41.7 

0.0116 

20.0 

0.0255 

359 

188 

360 

189 

9 

152.0 

500 

45 100 


46.7 

.0119 

20.5 

.0261 

377 

220 

386 

235 

19 

183.0 

600 

54 100 

28.9 

40.7 

.0093 

16.9 

.0204 

402 

263 

407 

273 

24 

213.0 

700 

62 900 

28.1 


.0079 

13.5 

.0172 

454 

358 

469 

385 

45 

213.0 

700 

62 900 

26.7 

38.7 

.0070 

12.0 

.0153 

48C 

405 

504 

448 

52 

215.5 

707 

63 800 

32.2 

46.7 

.0104 

18.0 

.0229 

527 

490 

544 

520 

53.7 

230.7 

757 

68 300 

34.2 

49.7 

.0115 

20.0 

.0255 

547 

524 

559 

547 

54 

236.8 

777 

70 100 

34.9 

50.7 

.0115 

20.0 

.0255 

550 

530 

563 

554 

54.1 

243.8 

800 

72 500 

34.2 

49.7 

.0115 

20.0 

.0255 

555 

540 

562 

553 


SUMP FAN VENT COMPRESSOR 



Figure 1. - labyrinth seal system schematic, 
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^SIOE COVER RING 


Figure 2. - Shaft riding or circumferential seal. 



Figure 3L - Schematic of a conventional radial face seal. 
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Figure 5. - Primary ring assembly. 
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Figure?. - Pressure gradient in primary seal, illustrating 
choked and nonchoked flow. Parallel faces; mean film 
thickness h_, 0. 0010 centimeter <0. 0004 in. ). (From 
ref. 9.) 



0.0025 CM 
(0.001 IN.) 


VIEW B-B 

Figure 8. - Mathematical model of self-acting pad 
with curvature effects neglected. 



MEAN FILM THICKNESS, h^, CM 



MEAN FILM THICKNESS, h„, IN. 

Figure 9. - Lift force of seif-acting geometry, Number of pads, 20t 
recess depth, a 0025 centimeter (0.001 in. It fluid, air; parallel 
faces. (From ref. 9. 1 
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246 8 10 12 14x10 

MEAN FILM THICKNESS. h„. CM 


1234 5x10*^ 

MEAN FILM THICKNESS, 
h„,. IN. 

Figurt 11. * Equilibrium gas film thickness as determined by total seal open 
ing and closing forces. Parallel faces (from ref. 9). 
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a2i 


a.2h 10“ 


wcm< |)si) 

.M5«0» 

-aeMoi 

* 207 000) 
'13B (200) 




lofW 


’69a00) 

'MM) 

SURFACE SPEED, V. 
m/s«c tUstc) 


0 5 10 15 

FILM THICKMSS. |im 

1 ^ I ^ \ I I I 

0 .1 .2 .3 .4 .5 .6 .7 .1 

niM THICKNESS, in. 

Figure 12. - Primiry s«l leakage as function of film thickness. 
Nominal diameter seal (from ref.. 12), 16.76 cm (6.60 in. k 
seal air temperature. 700 K (800P Fk spring force, 75 N 
07 Ibf). 
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.1 .2 .3 .4 

niM THICKNESS, in. 


Figure 13L * Performance map for 6.44 cm (2.5 in. ) nominal diameter seal. 
Sealed air temperature, 644 K (UXP Ft; spring force. 31. 1 N (7 fofH inlet 
loss coefficient. 1.0. 







rI2SElf-AaiNG 

\UFT PADS EQUAUY SPACED 


\ rO.SOBmm 
\\<0.020ln.) f 


to. 960 mm dia. 
(2.40 in.) 

51.816 mm dia. 
(104 in.) 



1. 5748 mm 
a 062 in.) 


• 10 
x-SEAUNG DAM 

9 

"^■^0.508 mm a ' 
(0.020 in.) 

66.024 mm dia. 

(2. 560 in.) 

62.992 mm dia. 

(2. 480 in.) 



wma 


m 


0.0229/0.0152 mm 
(0.0009/0.0006 in.) 

^-^nr^O-889 mm 
(0.035 in.) 



64.4 mm dia. 
(2. 536 in.) 
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THERMOCOUPLE 


1. SPRING PUTE 

2. COMPRESSION SPRING 

3. SPRING PIN 

4. HOUSING 

5. CARRIER 


6. PISTON RING (SECONDARY SEAL) 

7. BELLOWS SPACER 

8. OIL DAM AND HEAT SHIELD 

9. ROTATING SEAT 

10. NOSEPIECE 


Figure 14. - Self-acting Mce seal design. 6.44 cm (2. 54 in. ) nominal diameter. 
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PRESSURE, psia 
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FIU4 THICKNESS. 
Iim (In. ) 

O 2.54(0.1x10:^ 
□ 5.06 C 2(10') 
O 7.62t3kl0') 
A 10.1614(10') 
1270 C 5x10'^ 
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1 


.2 .4 .6 .8 1.0 

RADIAL DISTANCE FROM INNER DIAMETER, mm 


1.1 


I ^ \ I I l__l , 

0 8 16 ai 32 40 46x10'^ 

RADIAL DISTANCE FROM INNER DIAMETER. Rj. In. 

Figure 15. - Calculated radial pressure gradient Kross primary seal. Seal 
diameter. 6.44 cm (2.5 in.H sealed gas temperature. 672 K (75(P Fk 
spring force. 31.1 N (7.0 l>fk sliding speed. 192 m/s (650ft/sh assumed 
inlet coefficient, a 6. 


r PRESSURE TAPS AT 



OUTLET PORTS 
TO VACUUM 


Figure 16. • Schematic of test rig for measurement iniet effect and 
pressure gradient across the primary seal 



2.7S 2.80 ^85 Z90 Z9i 3.00 

1.0. RADIUS, in. O.D. 

Figure 17. - Primary seal inM pressure drop and pressure gradient 
Sealed pressure, 62. 3 Nfcm< abs (W.4 psiaH pressure ratio, ~ 10^ 
sealing gap, h, 0.0021 cm 0.0011 in. k parallel seal faces. 
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NONPARAUa FACES. 2-MI Ul RADIAN 
FACE DEFORMATION 
PARAUa FACES 



isi iiii 



Igure 19. - LRl fores of self-acting gaomalry. Number of 
pmls. pad depth, 0.003 centimeter HOGI In.l^ fluid, 
air. Sealed pressure. 14BNfcm<N»s (215 psiak sliding 
speed. 153 meters per second Ml R/seck fluid temper- 
ature. TOO K 0OOP F). 
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OPENING TORCE FOR PARALLEL FACES 

OPENING FORCE FOR NONPARALLEL FACES 

2-MI 111 RADIAN DEFORMATION 



I I I I L 1 I 

1 2 3 4 5 6 7x10"^ 

MEAN FI IM THI CKNESS OF PRIMARY 
SEAL. h^. IN. 

Figure 20i > Opening force acting on primary ring 
assembly. Sealed fluid, air. Sealed pressure. 

14B Hlatr 05 psialt fluid temperature. 700 K 
eOl/’n. (From ref. 9.) 
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Figure 21. - Eguilbrium gas film thickness -» determined by total 
opening and closing forces for ^millirad an face deformation. 
Sliding speed. U3 meters per second ^ flfsecH sealed pres- 
sure 148 N/cm‘ As 1215 psiak sealed gas temperature. 700 K 
WPf). 
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Figure 2Z * Schematic showing priximity probe location. 



Figure 23. - Oscillograph traces showing response of ring to seat 
face runout Recess-pad length to land-length ratio, 2:1; 
recess -pad depth, 0. 0013 centimeter (0. 0003 in. I; sliding ve- 
locity, 61 meters per second (200 ft/ sec); ambient pressure, 

10 newtons per square centimeter (K 7 Ib/in. \ room tem- 
perature, 300 K (80^ R; spring load, L 13 kilograms (2. 30 lb). 
(From ref. 13.) 


PRIMARY 

RING 



OMGWALPAG^ 
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Figure 26. - Minimum clearance from start-up (time - 0) for 6.44 cm 
(?.5 in. ) nominal diameter seal; sliding spe^, 2(4 m/sec (800 ft/secl. 



0 50 100 160 200Z0 300 360 400 450 

SEAL DIFFERENTIAL PRESSURE, psi 

Figure 27. - Seal leakage; 16.76 cm 16.6 in. I nominal diameter seal. 
(Ref. 15. 1 
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SEAUNG DAM 


RAYIIIGH PAD 


AS MACHINED 
SURFACE V 


(b) AFTER 200 hr OF ENDURANCE; TOTAL TIME n SEAL 338.3 hr 


Figure 29. - Representative profile trace radially across a Rayleigh pad and primary seal 
after 200 hours of endurance. Total time on seal 338. 3 hours. (From ref. 13. ) 


SEALING 


RAYLEIGH PAD 


•r-^1.27 microns (30 microinches) 
ll*~30.8 microns (2000 microinches) 
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Figure 31. - Airflow through two seals as function of pressure differential 
at 145 m/s (475 ft/s) for seat face axial runout testing (ref. 16). 





r 24 SPIRAL GROOVES 




SEALED PRESSURE, psia 


Figure 33. ■ Spiral groove self-acting seal; air leakage versus 
sealed pressure; sliding speed 182.9 m/s (600 ft/secH 2 seals. 
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r LABYRINTH SEALS. ROTATING 
RING & WORN OUT 
CIRCUMFERENTIAL SEALS- 



1 1 ^ I 

50 100 150 200 

PRESSURE DIFFERENCE. PSI 
Figure 34. - Comparison of seal configurations. 
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